ABSTRACT Voltage-dependent Na conductance of rat myotubes was studied by patch recordings of single-channels. The patches were excised from the cell with the patch electrode, and the cytoplasmic surface was bathed in either CsF or tetramethylammonium (TMA)-F. Inward currents were examined from -20 to -50 mV. In this range Cs and TMA both appeared to be nearly impermeant, but TMA blocked the channel in a voltage-dependent manner. A first-order blocking site was located a maximum of 89% of the way through the membrane field from the cytoplasmic surface.
INTRODUCTION
The Na channel of nerve and muscle is more selective for monovalent cations than for other ion species. It is also highly selective among various monovalent cations, and has a permeability sequence that is suggestive of a high field-strength interaction between the cation and the selectivity region of the channel (Hille, 1971 (Hille, , 1972 (Hille, , 1975a Campbell, 1976; Pappone, 1980) . The monovalent cation TMA(tetramethylammonium) is widely used as a Na substitute in studies of this channel, because it is impermeant and is believed to have no effect on the movement of other cations through the channel (see Hille, 1971 Hille, , 1975b Armstrong and Bezanilla, 1977; Wu et al., 1980; Oxford, 1981 , for example). We have investigated the action of TMA on the Na channel of rat myotubes, using the excised patch technique (Horn and Patlak, 1980) . We report here that TMA blocks Na channels from the cytoplasmic membrane surface in a voltage-dependent manner. A preliminary report has appeared (Horn et al., 198 la) .
METHODS
We have used the patch method of recording single sodium channel currents, as introduced by Sigworth and Neher ( 1980) and modified by us (Horn and Patlak, 1980; Horn et al., 198 lb) . Briefly, a glass patch electrode containing Ringer's solution is pressed onto the surface of a rat myotube that has been grown under tissue-culture conditions. Suction is applied to the electrode so that the glass adheres to the membrane (Neher, 1981) . When this is achieved, the electrode is withdrawn from the muscle surface, carrying with it the excised patch (Horn and Patlak, 1980 Horn and Patlak, 1980 (Horn and Patlak, 1980; Horn et al., 198 lb CURRENT ( TMA replaces Cs. The 20-mV depolarization causes a 16% reduction in current in the presence of Cs, but a 33% decrease in the presence of TMA. In the former case the reduction could be the result of a decrease in driving force (Sigworth and Neher, 1980 the same blocking site. Since we are examining relative effects of the two ions, ignoring a possible blocking action of Cs is the same as underestimating the magnitude of G,.
We have assumed that TMA blocks the channel, and Cs is relatively inert. Logically it is possible that TMA is neutral and Cs enhances the inward Na current. We do not believe the latter possibility because the Na current in the presence of TMA rapidly approaches zero as the membrane potential approaches 0 mV. However, the expected reversal potential in the presence of a presumably inert cation is expected to be quite positive. It seems most likely to us that the rapid decrease of current with depolarization is the result of a blocking action.
Another minor complication is that the value for G, is obtained by assuming that the pre-exponential terms for the entry and exit rate constants are the same. This is unlikely to be true in general, and may depend on the "shape" of the barrier that TMA hops over (Horn and Stevens, 1980) . Our estimated value for the voltage dependence of TMA block is very steep. Although we have postulated that the value of d represents the location of the blocking site in the membrane field, it is also possible that TMA hops over multiple barriers on its way to the blocking site. In that case the value of d obtained from Fig. 3 can overestimate the electrical distance of the site (Hille and Schwarz, 1978) . Such a model is supported by evidence for multiple ion occupancy of the Na channel of squid axon (Begenisich and Cahalan, 1980a,b) . However for simplicity, and for the lack of sufficient data, we consider in the following calculations that TMA blocks by means of a simple first-order reaction.
Our data suggest that the block constitutes a rapid movement of TMA into and out of the channel. This is analagous to the proposed proton block of Na channels in nerve (Sigworth, 1980) , the Ca block of the gramicidin channel (Bamberg and Lauger, 1977) , and the Cs block of K channels in sarcoplasmic reticulum (Coronado and Miller, 1979) . It is unlike the local anesthetic block of the acetylcholine channel, where the single-channel currents are clearly interrupted by the movement of the blocker into the channel without affecting the singlechannel conductance (Neher and Steinbach, 1978) . The time constant of the block must be faster than -100,us, or else we would have been able to resolve it. At a membrane potential of -20 mV this implies that the exit rate constant is > -6.2 kHz, and the entry rate constant is > -30 kHz/mol. The dwell time of TMA in its blocking site is then < -160 ,us. We might expect, in accordance with the above local anesthetic effect, that the apparent open-channel lifetime is increased by the TMA block. This is suggested by experiments in squid axon (Oxford and Yeh, 1979) and needs to be examined in detail. If TMA does interact strongly with the squid Na channel, experiments using internal TMA must be re-evaluated. It is possible that, even in the absence of Na currents, a blocker such as TMA can affect gating currents (see Cahalan and Almers, 1979a,b) .
Although we have not studied the action of extracellular TMA, Hille (1975b) has shown that it has no blocking action externally. It is therefore tempting to propose that, like local anesthetics (Strichartz, 1973; Cahalan, 1978) , TMA only blocks the Na channel from the cytoplasmic surface. This is entirely analagous to the situation obtained with the acetylcholine channel, which is only blocked by anesthetics from the extracellular membrane surface . Such an asymmetry of block suggests an asymmetrical barrier structure to ion permeation in these two types of channels. In particular we might expect a larger barrier near the extracellular membrane surface of the Na channel. Such a structure has been proposed for the movement of Na ions through the channel (Hille, 1975b; Begenisich and Cahalan, 1980a,b) . It is possible that this larger barrier is rate limiting at some potentials and also the "selectivity filter" of the channel.
